Human heat shock factor 1 (HSF1) stimulates transcription from heat shock protein genes following stress. We have used chimeric proteins containing the GAL4 DNA binding domain to identify the transcriptional activation domains of HSF1 and a separate domain that is capable of regulating activation domain function. This regulatory domain conferred heat shock inducibility to chimeric proteins containing the activation domains. The regulatory domain is located between the transcriptional activation domains and the DNA binding domain of HSF1 and is conserved between mammalian and chicken HSF1 but is not found in HSF2 or HSF3. The regulatory domain was found to be functionally homologous between chicken and human HSF1. This domain does not affect DNA binding by the chimeric proteins and does not contain any of the sequences previously postulated to regulate DNA binding of HSF1. Thus, we suggest that activation of HSF1 by stress in humans is controlled by two regulatory mechanisms that separately confer heat shock-induced DNA binding and transcriptional stimulation.
Eukaryotic cells respond to stress by inducing a set of proteins termed the heat shock proteins (HSPs). Following temperature stress, transcription of the HSP genes is induced rapidly by the posttranslational activation of a preexisting transcription factor (14, 15, 33, 38) . This factor, termed the heat shock factor (HSF), is evolutionarily conserved and constitutively expressed (17, 19, 33) . Mammalian cells contain at least two genes that encode distinct HSFs; in humans, two cDNAs have been isolated that encode proteins termed HSF1 and HSF2 (23, 29) . When mammalian cells are stressed, HSF1 is strongly induced to bind DNA, while HSF2 is weakly induced (3, 27) . This suggests that the primary response to stress is determined by HSF1. Our objective here was to locate the transcriptional activation domain(s) of HSF1 and to determine whether this domain(s) is regulated by heat shock.
There are domains of HSF whose function and primary amino acid sequence have been conserved across evolution (19, 33) . The HSFs from all studied eukaryotes bind to a conserved DNA sequence termed the heat shock element, and a conserved DNA binding domain is found at or near the amino terminus of all HSFs (amino acids 13 to 121 of human HSF1) (see Fig. 1 ). HSF binds DNA as a trimer (22, 34) . The trimerization domain is C terminal to the DNA binding domain (amino acids 126 to 217 of human HSF1). HSFs from Schizosaccharomyces pombe, Drosophila melanogaster, mice, chickens, and humans are heat shock inducible for DNA binding (6, 14, 20, 28, 38) . There is a conserved short hydrophobic heptad repeat found approximately 100 amino acids from the C terminus of these HSFs that has been shown to be necessary for the regulation of DNA binding by Drosophila HSF and human HSF1 and for the regulation of nuclear localization of human HSF2 (24, 30, 39) .
Each HSF must also have a transcriptional activation domain, but there is no evidence that this domain is conserved at the primary sequence level. Deletion analysis of Saccharomyces cerevisiae HSF (scHSF) has demonstrated that the N-terminal 150 amino acids and the C-terminal 400 amino acids both contain transcriptional activation domains (21, 32) . The transcriptional activation domains of scHSF are regulated in response to heat shock. Deletion analysis was used to show that a central region of scHSF inhibits the function of the activation domains at normal growth temperatures (32) . Chimeras containing a heterologous DNA binding domain, this central regulatory region, and the scHSF C-terminal activation domain confer heat shock-responsive expression on a reporter gene (21) . HSFs from higher eukaryotes do not have an identifiable sequence homology with either the regulatory or transcriptional activation domains of scHSF. Our goal in this work was to determine whether human HSF1 contains a region that is capable of regulating activation domain function in response to heat shock. In contrast to scHSF, which binds DNA constitutively, the DNA binding activity of Drosophila and mammalian HSFs is posttranslationally regulated by heat shock (14, 15, (36) (37) (38) . Induction of DNA binding alone might be sufficient to regulate HSF activity in humans. However, in several mammalian systems induction of HSF DNA binding activity by heat shock or other stresses is not sufficient to activate transcription of HSP genes (1, 10, 13) . This has led to the proposal that the ability of mammalian HSF to activate transcription, like the case for scHSF, is also regulated by heat shock (15) . Interpretation of these data was confounded, however, by the recent finding that mammalian cells contain at least two distinct HSFs (23, 28, 29) . The lack of correlation between binding by HSF and induction of HSP gene transcription might therefore reflect the induction of different HSFs with different transcriptional activation properties and not the regulation of the transcriptional activation capability of a single HSF (31) .
We have created chimeric proteins in which various regions of human HSF1 are fused to heterologous DNA binding domains. We found that HSF1 contains two distinct C-terminal activation domains and a central region that regulates the function of these activation domains in a heat shock-responsive manner. This demonstrates that despite a lack of sequence homology, domains involved in transcriptional activation by HSF have been conserved in function and location from S. cerevisiae to humans. In conjunction with previous data on DNA binding induction, the data presented below also indicate that separate regions of HSF are required to regulate DNA binding and transcriptional activation, suggesting that at least two distinct mechanisms regulate human HSF in response to heat shock.
MATERIALS AND METHODS
Plasmids and fusion constructs. (i) Yeast plasmids. The original LexA fusion vectors used to construct LexA-HSF1 fusion proteins and the reporter vectors were kindly provided by Steve Hanes. The reporter plasmids have either zero (pLR1D1), one (p1840), two (pJK103), or four (pSH18-8) LexA operators with a target promoter driving expression of the ␤-galactosidase reporter gene. In addition, these plasmids carry the URA3 gene, which serves as a selectable marker when used in combination with an auxotrophic yeast strain.
All LexA fusion plasmids were derived from the parent plasmid pLEX202PL, which contains the HIS3 selectable marker (25) . To create the LexA-HSF1 fusion, the BamHI fragment of pBS108 (23) containing nucleic acid residues 602 to 1996 of HSF1 was inserted into the BamHI site of pLEX202PL. The HSF1 plasmid was kindly provided by Carl Wu and Sridhar Rabindran.
This plasmid served as the template for PCR-assisted cloning of fragments from the carboxy terminus of HSF1. Figure 1 shows a graphic representation of human HSF1. The LexA-HSF1 fusion contains the regions carboxy terminal to the multimerization domain. This region has been arbitrarily divided into three stretches (called A, B, and C) on the basis of the conserved C-terminal leucine zipper (the B region). LexA fusion protein plasmids were constructed with each of the individual A, B, and C regions and all of the pairwise combinations (AB, BC, and AC).
All PCRs were performed with the Pfu polymerase (Stratagene) according to the manufacturer's instructions. Each PCR-generated fragment was then digested with the appropriate restriction enzyme and then subcloned back into the pLEX202PL parent plasmid as follows: for fragments A, C, and BC, the vector was cut with EcoRI; for fragments B and AB, the vector was cut with EcoRI and BamHI; and for fragment AC, the vector was cut with EcoRI and SalI. For the latter, a three-part ligation was performed with vector and fragments A and C. There is an added SacII site between regions A and C in the AC constructs which translates to the two-amino-acid sequence proline-arginine. These two amino acids are also added to the end of each A construct before the stop codon. All other constructs have no additional amino acids. All of the constructs were sequenced, no errors were detected in approximately 10 kb of PCR-generated DNA, and all of the fusions were in frame with the open reading frame of the LexA molecule.
(ii) Mammalian plasmids. For mammalian transfections, the HSF1 regions were excised from the individual LexA fusion vectors and subcloned into the GAL4 mammalian expression vector BXGALVP (gift of M. Ptashne) (26) which contains the GAL4 DNA binding and dimerization domain, GAL4 , and the VP16 activation domain. The VP16 activation domain was excised from these vectors prior to subcloning. The C, BC, AC, and ABC fragments were excised with EcoRI; the B and AB fragments were excised with SalI and EcoRI; and the A fragment was excised with PstI, blunted with T4 polymerase, joined to SalI linkers, and then excised with EcoRI. The fragments were subcloned into correspondingly digested BXGALVP.
The 3Ј A region deletion mutants were constructed by PCR with an oligonucleotide 5Ј of the A region in LexA-1A and oligonucleotides (with an engineered SacII site) beginning at amino acid 330 and every 20 amino acids thereafter until amino acid 270 in the 3Ј region of region A. 5Ј A region deletion mutants were also constructed by PCR. The 3Ј primer was the same as that used to construct 3Јdel1 (beginning at amino acid 330), and the 5Ј oligonucleotides began at amino acids 221 and 241. All deletion mutants were inserted into a new GAL4-1AC construct, pBX1AC, which was subcloned by PCR amplification of 1AC from LexA-1AC with oligonucleotides with an engineered XbaI site. This new GAL4-1AC was determined to be functionally identical to the original construct used in the previous experiments (data not shown). The A domain was deleted from this construct by digestion with EcoRI and SacII, and the deletion mutants were inserted. All deletion mutant constructs were sequenced.
GAL4-chkA was constructed by removal of the chicken (chk) A region from amino acids 215 to 342 by PCR from chkHSF1 (20) (kindly provided by Akira Nakai). This region was ligated into the EcoRI site downstream of GAL4 in pBXG1 (kindly provided by M. Ptashne). The other GAL4-chicken-human (hum) chimeras were constructed by inserting the activation domains downstream of the A region in GAL4-chkA: for chkA-humB, the EcoRI-BamHI fragment containing the human B region was inserted; for chkA-humC and chkA-humBC, the EcoRI-XbaI fragment containing the human C or BC region was inserted. All chimera constructs were sequenced.
Reporter constructs pG240CAT and pG540CAT contain either two or five GAL4 sites inserted upstream of the chloramphenicol acetyltransferase (CAT) gene under the control of the human hsp70 promoter at position Ϫ40 (TATA box only [35] ).
Transient transfections and CAT assays. HeLa cells were used for all the initial transient transfections for CAT assays. The cells were maintained in Dulbecco modified Eagle medium-10% calf serum. The cells were split approximately 1:15 the day before transfection and fed 1 to 2 h prior to transfection. Transfections were by the calcium phosphate precipitation method (2, 7, 8) . Each transfection contained 20 g of total DNA: 1 g of pXGH5 (reference plasmid), 5 g of reporter plasmid, 5 g of GAL4-HSF fusion expression vector, and pSKϩ as carrier DNA. All transfections and subsequent assays were performed in duplicate. The cells were washed and refed approximately 16 h posttransfection and harvested approximately 48 h later. Human growth hormone radioimmunoassays were performed with media from transfected cells according to the manufacturer's instructions (Nichols Institute). Heat shock was induced approximately 36 h posttransfection (43ЊC for 4 h), and the transfectants were harvested approximately 12 h later. Harvesting of cells and phase-extraction CAT assays were performed as previously described (2) . CAT assays were done in 100 l at 37ЊC with 0.0005 mCi of 3 H-chloramphenicol (32 Ci/mmol; New England Nuclear-DuPont) and 0.25 mg of n-butyryl-coenzyme A (Sigma) per ml and stopped by extraction with 2:1 hexane-xylenes (2). The organic phase was removed to scintillation fluid for counting. CAT activity was normalized to human growth hormone expression (nanograms per milliliter).
RNA analysis. RNA was harvested from transfected cells as follows. Cells were lysed on ice in 4.0 M guanidine isothiocyanate-25 mM sodium acetate-0.12 mM ␤-mercaptoethanol. Lysates were sheared with a 20-gauge needle and then layered on top of 2 ml of 5.7 M CsCl-25 mM sodium acetate and centrifuged at 32,000 rpm for approximately 18 h in a Beckman ultracentrifuge. RNA pellets were dissolved in 0.3 M sodium acetate, ethanol precipitated twice, and resuspended in diethyl pyrocarbonate (DEPC)-treated water. RNA samples were then extracted once with phenol-chloroform (1:1) and once with chloroformisoamyl (24:1) and then reprecipitated. Primer extension analysis was performed as previously described (18), with some modifications. Briefly, 50 g of RNA was mixed in a total volume of 20 l with 2 ng of radiolabeled CAT oligonucleotide in 10 mM Tris [pH 7.5]-0.3 M NaCl-1 mM EDTA. The RNA-oligonucleotide mix was incubated at 75 to 80ЊC for 25 min, allowed to cool slowly to 50ЊC, and then incubated at 42ЊC for 16 h. Reverse transcriptase (RTase) reactions were conducted in a final volume of 80 l (50 mM Tris [pH 8.3], 50 mM KCl, 10 mM MgCl 2 , 10 mM dithiothreitol, 0.5 mM spermidine, 0.5 mg of actinomycin D per ml, 1.0 mM each deoxynucleoside triphosphate) and included 20 U of RNasin (Promega) and 16 U of avian myeloblastosis virus RTase (Promega). The reaction mixtures were incubated at 42ЊC for 1 h, ethanol precipitated, resuspended in formaldehyde loading buffer, and analyzed on 5% denaturing polyacrylamide gels.
Transfected cell extracts for electrophoretic mobility shift assay (EMSA). HeLa cells were transfected as described previously, except for the addition of 0.1 mM chloroquine to the cells just before adding the precipitates. The plates were then incubated for 5 h at 37ЊC, the precipitates were removed, the cells were washed with phosphate-buffered saline (PBS), and then fresh Dulbecco modified Eagle medium-10% calf serum was added. The cells were heat shocked at 43ЊC for 4 h just prior to harvesting at 48 h. Forty-eight hours posttransfection, duplicate dishes of cells were washed twice with ice-cold PBS and pooled, and extracts were prepared as previously described (16) . Total protein concentrations were determined by Bradford assays (BioRad).
EMSA. GAL4 DNA binding assays were performed as follows. Oligonucleotides corresponding to the two strands of the double-stranded GAL4 DNA binding sequence were annealed as previously described (2) . The sequences of the oligonucleotides used were the following:
One microgram of the double-stranded oligonucleotide was end labeled with [␣-32 P]dATP with the Klenow fragment of DNA polymerase I. Labeled GAL4 oligonucleotide (4.4 ng) was incubated with 10 g of each crude nuclear extract in a buffer containing 20 mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid (HEPES; pH 7.9), 50 mM KCl, 5 mM ZnCl 2 , 100 mg of bovine serum albumin, 8% glycerol, 0.5 mM dithiothreitol, 4 mM spermidine, 1 mM phenylmethylsulfonyl fluoride, and poly(dI-dC) as a nonspecific DNA competitor in a final volume of 20 l (3a). The reaction mixtures were incubated for 20 min at 30ЊC, loaded onto a 4.5% acrylamide-bisacrylamide (40:1) gel, and electrophoresed in 0.5ϫ TBE buffer (0.045 M Tris-borate, 0.001 M EDTA). For competition studies, 50-fold excess unlabeled GAL4 oligonucleotide (see above) or mutant GAL4 oligonucleotide (mutations underlined) 5Ј AATTCGGTCTGAGTACTGTCCTCTGACTCT 3Ј 3Ј GCCAGACTCATGACAGGAGACTGAGAGATC 5Ј was added to the reaction mixture at the same time as the probe.
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Yeast transformations and ␤-galactosidase assays. For studies involving the analyses of LexA-HSF fusion proteins in S. cerevisiae, the strain EGY140 (ura3-52 trp1 leu2 his3), which was provided by Erica Golemis, was used. Media were prepared, yeast cells were grown, and assays were performed essentially as previously described (2) .
Transformations were carried out by a variation of the lithium acetate procedure previously described, and transformants were grown on selective minimal medium plates (2) . For each combination of target and fusion, three individual colonies were picked for analysis. ␤-Galactosidase activity was determined as previously described (2) . The units of ␤-galactosidase expression were calculated as follows: 1,000 ϫ (A 420 /A 600 )/(time ϫ volume of cells).
RESULTS

C-terminal regions of HSF1 function as transcriptional activation domains.
We made GAL4 fusions containing portions of HSF1 and tested the ability of these fusion proteins to stimulate gene expression at normal and heat shock temperatures in human cells. The amino-terminal 200 amino acids of HSF1 are homologous to the DNA binding and trimerization domains of scHSF and Drosophila HSF and are therefore expected to function in the same manner. It was therefore important to remove these portions of HSF1 in these studies to avoid complications caused by binding of the human HSF chimeras to endogenous heat shock element sequences and by the potential of the trimerization domain of the chimeras to interact with the trimerization domain of the endogenous HSF.
To localize activation domains, we subdivided the remainder of human HSF1 into three regions (Fig. 1) . Amino acids 371 to 430 of HSF1 share 37% identity with amino acids 347 to 406 of HSF2 (this includes a central block of 44 amino acids that is 50% identical), and each sequence contains a hydrophobic heptad repeat (23, 29) . This is the only conserved region in the carboxy-terminal half of HSF, so for analysis we divided the carboxy terminus of HSF1 into the sequences between the end of the multimerization domain and the beginning of this conserved domain (region A in Fig. 1 ), the sequences in this conserved domain (region B in Fig. 1) , and the sequences from the end of the conserved domain to the carboxy terminus of the protein (region C in Fig. 1 ). As discussed in more detail below, region C shares some similarity in amino acid content between HSF1 and HSF2 and is predicted to form a different secondary structure than the B region, offering further justification for analyzing the B and C regions separately.
All possible single-, double-, and triple-ordered combinations of regions A, B, and C of HSF1 were fused to the DNA binding domain of GAL4. Each fusion was transfected into HeLa cells grown at the control temperature (37ЊC) together with reporter constructs that contained five GAL4 binding sites regulating expression of a CAT reporter gene (Fig. 2) . GAL4 (1-147) and GAL4 fused to the potent activation domain of VP16 (GAL4-VP16) served as controls. At normal growth temperature (37ЊC), the B and C regions of HSF1 each had potent activation ability (Fig. 2 , constructs 4 and 6) while the A region had no activation ability (Fig. 2, construct 3 ). The A region was able to repress the activation function of the B and C regions, in that the activation ability of GAL4-1AC was 46-fold lower than that of GAL4-1C (Fig. 2 , compare constructs 6 and 7) and that of GAL4-1AB was 43-fold lower than that of GAL4-1B (Fig. 2, constructs 4 and 5) . The combined BC region did not possess higher activation potential than the individual regions in these CAT experiments; however, in experiments assaying mRNA levels, the regions combined possessed activation potential that was either equal to or more potent than those of the individual regions. These data dem- onstrate that the B and C regions function as transcriptional activation domains in mammalian cells and that the A region represses the activity of these fusion proteins. The A region did not consistently repress the combined BC region in these experiments (Fig. 2, constructs 8 and 9 ), although in some experiments repression of BC was observed (data not shown) (see Fig. 3B and Discussion). GAL4 fusion proteins that contained both the B and C regions had threefold-less activation activity than the GAL4 fusion protein containing only the C region in these experiments, which used a reporter with five GAL4 sites (Fig. 2,  constructs 6 and 8 ). When we tested these fusion proteins with a reporter construct containing two GAL4 sites, however, GAL4-1BC possessed approximately fivefold more activation potential than GAL4-1B or GAL4-1C (data not shown). While we do not understand why the GAL4-1BC construct is less active than either domain alone when a five-site reporter is used, possibilities include ''squelching'' of activation by these potent activation domains and differences in expression level (see below). We used a five-site reporter construct in the experiments described above and in subsequent experiments to allow enough sensitivity to measure the activity of mutated fusion proteins with low activation capability.
A central region of HSF1 confers heat shock inducibility. To determine whether any of these fusion proteins responded to heat shock, we compared their activities at 37ЊC with those after 4 h at 43ЊC (Fig. 3) . We determined the activities of these fusion proteins by measuring RNA levels with primer extension (Fig. 3B ) and by measuring CAT activity (Fig. 3A) . The functions of the VP16 activation domain and the isolated HSF1 B, C, and BC regions were either unaffected or weakly affected by heat shock (Fig. 3A, constructs 1, 5 , 7, and 9 and Fig. 3B, constructs 7 to 10, 19, and 20) . Each fusion that contained the A region, however, was activated by heat shock (Fig. 3A, constructs 4 , 6, and 8 and Fig. 3B, constructs 3, 4 , 11 to 14, 17, and 18). Induction of the activity of chimeras containing the A region ranged from 3-to 5-fold as measured by CAT activity and 7-to 12-fold as measured by RNA levels. represent activation at the control temperature (37ЊC) and the filled bars (ϩ) represent activation following heat shock (43ЊC). Fold heat induction is derived by dividing the normalized CAT activation value at 43ЊC by the normalized CAT activation value at 37ЊC. These average values and standard deviations were derived from at least three independent transfections. (B) Primer extension analysis of total mRNA harvested from transfected cells with (ϩ) and without (Ϫ) heat shock. Cells were heat shocked at 43ЊC for 4 h prior to harvesting. The odd-numbered lanes show the levels of primer extension products synthesized from the CAT message in transfected cells that have been grown at normal growth temperature, and the even-numbered lanes show primer extension products from cells that have been heat shocked prior to harvesting. A primer that was predicted to form a 231-base extension product was used; the band shown is the appropriate length as determined by comparison with size markers (data not shown). Regions A, B, and C are as depicted in Fig. 1 .
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Induction of fusions lacking the A region ranged from 0.8-to 2-fold as measured by CAT activity and 1.1-to 1.6-fold as measured by RNA levels. We consistently see higher levels of heat induction when RNA levels are measured as opposed to when CAT levels are measured. This might be caused by a buildup of CAT in the cell prior to heat shock or by a decreased translation of the CAT message following heat shock. Thus, all of the GAL4 fusion proteins that contain the A region show significant heat shock induction, and the matched constructs lacking the A region show either no induction or limited induction. The regulatory domain is located between amino acids 221 and 310 and is functionally conserved between human and chicken HSF1. The studies described above indicated that amino acids 201 to 370 conferred heat shock inducibility on the HSF1 transcriptional activation domains. Inspection of this sequence revealed that a subset of this region, amino acids 215 to 310, is conserved in human, mouse, and chicken HSF1 but not in HSF2 or HSF3 (Fig. 4A and data not shown; note that amino acids 1 to 214 are conserved across all vertebrate HSFs). In order to determine whether the conserved sequences were responsible for the regulatory function of the A region, we performed deletion mutagenesis from the N and C termini of this region. We reconstructed these deletion variants of the A region into GAL4 fusion proteins that contained the C region (Fig. 4B) . The regulation of these fusion proteins by heat shock was measured with CAT reporter vectors as described in the legend to Fig. 3 . Analysis of deletions from the C-terminal boundary indicated that amino acids 310 to 370 could be removed without effect, while further deletion to amino acid 290 eliminated the ability of the A region to render the activation domain heat shock inducible (Fig. 4B , compare constructs 1, 2, and 3 with constructs 4 and 5). Deletions from the N-terminal boundary revealed that amino acids 201 to 220 could be deleted without effect, but further deletion of amino acids 221 to 241 eliminated heat shock-induced activation (Fig. 4B , compare constructs 6 and 7). Deletions in the A region did not significantly alter the expression of the fusion proteins, as measured by EMSA following transfection (data not shown). These data place the regulatory portion of the A region approximately between amino acids 221 and 310; this location correlates well with the region that is conserved only in vertebrate HSF1 (amino acids 215 to 310 [ Fig. 4A]) .
To ascertain whether the sequence homology between human and chicken HSF1 reflected conservation of function, we constructed GAL4 chimeras containing the putative chicken HSF1 regulatory domain fused to human HSF1 transcriptional activation domains separately (B and C) as well as together (BC) (Fig. 4C) . We found that this portion of chicken HSF1 behaved similarly to the human HSF1 regulatory domain following transfection of HeLa cells, in that it rendered the human activation domains heat shock inducible (Fig. 4C) . Thus, the conserved domain of chicken HSF1 displayed a conserved function, even in human cell lines.
The A region does not alter DNA binding or localization. HSF function in humans is believed to be regulated at the level of DNA binding and subcellular localization. It is therefore possible that the A region could have the effects noted above by modulating either subcellular localization or DNA binding in a heat shock-induced manner. We analyzed the subcellular localization of each of the activators in HeLa cells using antisera that recognized the GAL4 portion of the activator and found that each fusion protein was nuclear at both normal and heat shock temperatures (data not shown).
We examined the DNA binding activity of GAL4-HSF1 fusion proteins by transfecting HeLa cells and using EMSA to quantify the amount of GAL4 binding activity in extracts made from cells grown at normal temperature and following heat shock (Fig. 5) . The specificity of binding was determined by competition with unlabeled wild-type (Fig. 5 [GAL4] ) or mutant (Fig. 5 [mut] ) oligonucleotides (see Materials and Methods). This experiment demonstrated that the fusion proteins containing the A region were not heat shock inducible for binding (Fig. 5A, compare lanes 2 and 3; 6 and 7; 10 and 11 ). Quantitation with a PhosphorImager revealed that binding levels were increased less than 1.5-fold by heat shock for each construct. We believe that the faster migrating band in the GAL4-1ABC (Fig. 5A, lane 2) extract is a degradation product, since it was not present in all extract preparations and it is the result of binding to the GAL4 sequence. Fusion proteins containing the A region were therefore not heat shock inducible for DNA binding.
Chimeric proteins lacking the A domain were expressed at lower levels than those that contain the A domain ( Fig. 5B ; fourfold more extract is analyzed in lanes 5 to 14 as compared with that in lanes 2 to 4) . Because of the increased amount of extract needed to observe binding of fusion proteins lacking the A region, we observe three bands of cellular origin ( Fig.  5B, arrowheads ; compare lane 14 [mock] with the experimental lanes) in addition to the bands we assign to each GAL4-HSF1 fusion protein (Fig. 5B, dots) . Thus, fusion proteins lacking the A region are present at lower DNA binding levels than those containing the A region yet are frequently much more potent activators (see above). We considered the possibility that some of the repressive effects of the A region might be caused by squelching due to high protein levels; however, repression is observed over a 50-fold range of transfected activator (data not shown). We conclude from the above-mentioned data that the effects of the A region on transcriptional stimulation activity are not caused by effects on DNA binding ability, level of protein synthesis, or subcellular localization.
The A region is not functional in S. cerevisiae. The A region might exert its effects by directly interacting with transcriptional activation domains or instead might recruit other factors that are required for repression and heat shock inducibility. If the A region worked by direct interaction, then it might function in heterologous organisms. We therefore tested the ability of the human HSF1 A region to function in S. cerevisiae.
We cotransformed S. cerevisiae with fusion proteins containing the C-terminal regions of HSF1 fused to the DNA binding domain of the bacterial LexA protein (4) and ␤-galactosidase reporter constructs containing one, two, or four LexA operators. Measurements of the resultant ␤-galactosidase activity demonstrated that the individual HSF1 activation domains (B and C) were potent activation domains in yeast cells (Fig. 6 ) and that the HSF1 BC LexA fusion was more active than LexA-VP16 in these experiments (compare constructs 2 and 8). These regions showed significantly greater-than-additive effects when activation was compared on one versus two sites (Fig. 6, constructs 4 and 6) , and the activity of HSF1 BC was significantly greater on one site than the additive effects of HSF1 B and C (compare construct 8 with constructs 4 and 6). This suggests that synergistic interactions may occur (11) . We conclude from these experiments that the human HSF1 Cterminal 158 amino acids function as potent activation domains in S. cerevisiae.
In contrast to the effects we observed in human cells, the A region of human HSF1 did not significantly affect transcriptional activation when fused to any combination of the B and/or C regions (Fig. 6 , compare constructs 4 and 5; 6 and 7; 8 and 9) in S. cerevisiae. Heat shock did not affect the activation potential of any of these regions in S. cerevisiae (data not constructed from the 3Ј and 5Ј boundaries of the A domain, and the mutants were fused to activation domain C. Transfections and heat shocks were performed as previously described for HeLa cells. CAT assays were performed for 4 to 6 h. Fold heat induction was calculated by dividing the normalized CAT activity value at 43ЊC by the normalized CAT activity value at 37ЊC. The results from three separate experiments are shown. For constructs 1 through 3 and 6, expression was repressed greater than 100-fold at 37ЊC when compared with that for construct 8; constructs 4 and 5 were repressed less than 10-fold; and construct 7 showed variable levels of repression between 10-and 100-fold. (C) The chicken A (chkA) domain can render the human activation domains heat shock inducible. GAL4-HSF1 fusion proteins containing either the human A (humA) or chicken A domain fused to human HSF1 activation domains were transfected into HeLa cells as previously described. Fold heat induction was calculated as described previously. The results from three separate experiments are shown. Constructs containing the chicken A region were all repressed greater than 100-fold at 37ЊC when compared with the paired construct containing only the activation domain. Regions A, B, and C are as depicted in Fig. 1. VOL. 15, 1995 HUMAN HEAT SHOCK FACTOR 1 REGULATORY DOMAIN 3359
shown). In addition, we did not detect an interaction between the A region and either activation domain as measured with the two-hybrid system (5, 9) (data not shown). The A region of human HSF1 therefore has no measurable function in S. cerevisiae.
DISCUSSION
We show that a regulatory domain of HSF1 can be combined with the transcriptional activation domains of HSF1 and a heterologous DNA binding domain to create a heat shockregulated activator. The regulatory domain is likely to play an important role in intact HSF1, as it is conserved in both sequence and function between chicken and human HSF1. The DNA binding ability of fusion proteins containing the regulatory domain is not increased by heat shock, and the regions of HSF1 required to form a heat shock-regulated GAL4 activator are distinct from those required for regulation of DNA binding by heat shock. For example, several GAL4 fusion proteins whose activity is stimulated by heat shock contain only the regulatory domain and the most C-terminal activation domain of HSF1 (Fig. 3 and 4B ). These fusion proteins contain none of the hydrophobic coiled-coil repeat sequences previously shown to be necessary for regulation of DNA binding (3, 17, 24, 39) . Therefore, it appears that two mechanisms, one that regulates transcriptional activation and one that regulates DNA binding, activate HSF1 in response to stress (Fig. 7) .
The transcriptional activation domains of human HSF. The C-terminal transcriptional activation region of HSF1 is very potent and appears to be composed of two separate domains with distinct structures. The most N-terminal portion of the activation domain (referred to as the B domain above; amino acids 371 to 430) is 37% identical between HSF1 and HSF2 and has been proposed to form an ␣-helix (17, 19, 24, 39) . This domain is predicted to be negatively charged (Ϫ8 in HSF1), and the acidic residues are found primarily on one side of the putative ␣-helix. The most C-terminal 100 amino acids of HSF1 also form a potent activation domain, but this region is rich in proline (13%) and glycine (8%) residues and therefore is not expected to form a helical structure. The proline-glycine content of this region is conserved between HSF1 and HSF2. This region is also expected to be negatively charged (Ϫ14 in HSF1). These two regions each function individually as activation domains, and the differences in predicted secondary structure might indicate that they activate transcription via distinct mechanisms.
The regulatory domain of HSF1. All GAL4 fusion proteins containing the A region and HSF1 activation domains stimulate reporter gene expression in a heat shock-inducible manner. We have narrowed the regulatory domain down to amino acids 221 to 310. This domain is rich in serines (24%) and prolines (18%). It is therefore unlikely to be helical and has the potential to be regulated by phosphorylation. There is no detectable homology between this domain and any HSF other than the vertebrate HSF1s. In particular, there is no homology with the regions of scHSF and Kluyveromyces lactis HSF that are believed to regulate activation (12) .
The regulatory domain can also repress activity of GAL4 fusion proteins at normal growth temperature. The extent of this repression is much more dramatic on either individual FIG. 5 . The A domain does not affect the ability of GAL4-HSF1 fusion proteins to bind DNA. (A) GAL4-HSF1 fusion proteins containing the A domain are not heat shock inducible for DNA binding. EMSA was performed with 10 g of crude nuclear extracts prepared from HeLa cells cotransfected with GAL4-HSF1 expression vectors containing the A domain and the G540CAT reporter construct. Transfections were done in quadruplicate, and two of each were heat shocked for 4 h at 43ЊC prior to harvesting. Competition experiments in which 50-fold excess unlabeled GAL4 oligonucleotide or mutant (mut) GAL4 oligonucleotide was included in the DNA binding reactions were performed. Quantification of the bands in this gel shift revealed that the values for fold heat induction of DNA binding for GAL4-1ABC, GAL4-1AB, and GAL4-1AC were 1.1, 1.5, and 1.1, respectively (the value for GAL4-ABC includes the presumed degradation product). (B) GAL4 fusion proteins lacking the A domain are expressed at lower levels than those containing the A domain. EMSA was performed exactly as described above, except that 40 g of extract was used for fusion proteins lacking the A domain (lanes 5 to 14) and 10 g of extract was analyzed in lanes 2 to 4. Extracts were from the same transfection as that described for panel A. Competition experiments were performed as described above. Dots indicate bands assigned to the relevant GAL4 fusion protein. Arrowheads indicate bands present in the mock-transfected cells and, thus, attributed to cellular factors.
HSF1 activation domain than it is on the complete C-terminal region that contains both activation domains (compare Fig. 2  and 3) ; in fact, repression is not detected in some experiments with the complete C-terminal domain (GAL4-1ABC; Fig. 2 , constructs 8 and 9). This latter construct is consistently heat shock inducible, however. It is possible that the intact C-terminal region is more potent than either portion of the activating region and thus might be harder to repress; alternatively, the greater repression of the isolated activation domains might in part reflect the artificial nature of these GAL4 fusion proteins. It is not clear, therefore, whether the repressive function of the regulatory domain is important to its role in intact HSF1. We did find, however, that all deletions that decreased the heat shock induction function of the regulatory domain (Fig. 4) also decreased the repressive function (data not shown).
It is unlikely that the heat shock induction of fusion proteins containing the regulatory domain is caused solely by a relief of the repression caused by the regulatory domain. There is no good correlation between the extent of heat shock induction and the amount of repression observed with various individual fusion proteins (Fig. 3) . In addition, we observe repression of the HSF activation domains by the regulatory domain when these fusion proteins are tested in COS cells, but we do not observe heat shock induction (data not shown).
One possibility is that the heat shock inducibility of the GAL4 fusion proteins (and, by extension, HSF1) requires an interaction of the regulatory domain with another protein(s) that specifically alters function of the activation domains. The inability of the regulatory domain to function in S. cerevisiae is consistent with this hypothesis (Fig. 6) , as the regulatory domain might interact with proteins that are not conserved between yeasts and vertebrates. The mechanism by which the regulatory domain of HSF1 senses heat and alters the transcriptional activation domains of HSF1 is likely to be a critical aspect of the induction of HSP expression in humans. FIG. 6 . LexA-HSF1 fusion proteins activate transcription in S. cerevisiae at normal growth temperature (30ЊC). The transcriptional activity of the carboxy two-thirds of human HSF1 (Fig. 1) was assayed in yeast cells by cotransforming with LexA-HSF fusion plasmids and a lacZ reporter construct containing zero (data not shown), one, two, or four LexA DNA binding sites. Each value is the mean value for three individual colonies assayed separately, and standard deviations are shown for each mean. Regions A, B, and C are as depicted in Fig. 1 ; pairwise combinations are AB, BC, and AC and the entire C terminus is ABC. FIG. 7 . Model for the regulation of activation of human HSF1. Previous work has demonstrated the importance of the 5Ј hydrophobic repeat (TRIMER) and the 3Ј hydrophobic repeat (LZ4) in the regulation of HSF1 DNA binding (24, 39) and HSF2 nuclear localization (30) . The data presented in this paper demonstrate that the central regulatory domain regulates transcriptional activation in a heat shock-inducible manner and that this regulation requires neither the trimerization domain nor the B domain. The model illustrates that at least two mechanisms requiring separate domains of HSF are utilized to achieve the heat shock response in vertebrates. Regions A and B are as depicted in Fig. 1 
